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Abstract: The effect of sub-zero cooling on microstructure and mechanical properties of a low alloyed
austempered ductile iron has been investigated. Austempering of samples was performed at 325! and 400!
after austenitizing at 875! and 950!. The sub-zero treatments were carried out by cooling down the samples to
-30!, -70! and -196!. The changes in volume fraction of austenite and mechanical properties were determined
after cooling to each temperature. The austenite volume fraction of samples which were austenitized at 875! and
austempered at 325! remained unchanged, whilst it reduced in samples austenitized at 950! and 875! for
austempering temperature of 400!. In these specimens, some austenite transformed to martensite after sub-
zero cooling. Mechanical property measurements showed a slight increase in strength and hardness and decrease
in elongation and toughness due to this transformation behavior.
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ustempering heat treatment basically consists of
austenitizing the ductile iron during which the matrix
becomes fully austenitic, followed by quenching to the
austempering temperature for a controlled time, and then cooling
to room temperature. During the austempering process, ADI
undergoes a two stage transformation process. In the first stage,
the austenite (γ) decomposes into ferrite (α) or ferrite plus carbide
and carbon enriched austenite (γH), a product known as ausferrite.
If the casting is held at the austempering temperature for a long
time, the carbon enriched austenite (γH) further decomposes into
more stable products, ferrite and carbide during the second stage
reaction. The optimum mechanical properties are achieved upon
completion of the first stage, but before the beginning of second
stage reaction. The second reaction produces carbides, which
makes the material very brittle. This reaction is undesirable and
ought to be avoided [1-3].
Austenite transforms to martensite chemically and mechanically.
In chemical reaction the transformation is carried out by cooling
of samples to temperatures below martensite start (MS). The driving
force for this reaction is given by the equation:
Where To is the temperature where free energy for austenite
and martensite is equal, ∆Hγ ! M is the change in heat of
transformation of austenite to martensite, MS is the start
temperature for martensitic transformation.
In mechanical reaction the driving force is obtained by
mechanical stresses applied to the sample.
In the current paper the change in austenite volume fraction
and mechanical properties after cooling of samples to sub-zero
temperatures of -30", -70" and -196" has been investigated.
1 Experimental methods
The chemical composition of ductile iron used in this research
is given in Table 1. Test samples were machined off from the
bottom section of the blocks in order to avoid the defects present
in the top region. Three sets of samples were austenitized and
austempered at combinations of 875-325" (group A), 875-
400" (group B) and 950-400" (group C) respectively. The
austenitizing was performed for 60 minutes based on
preliminary measurements, which showed that the development
of the austenite phase was completed, and excessive austenite
grain growth was avoided. Austempering time was selected as
60, 45 and 70 minutes for groups A, B and C respectively from
the results of impact toughness as a function of austempering
time. The samples were then sub-zero cooled to the
temperatures -30", -70" and -196" for one hour. Scanning
electron microscope was used to study the fracture surface of
samples at different conditions. Mechanical tests were carried
out according to ASTM-E8 standard. Changes in high carbon
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austenite and its carbon content were measured by X-ray
diffraction using a Brucker-D8 advance diffractometer with
monochromated Cu Kα , radiation at 50 kV and 50 mA as defined
in the ASTME975-84 standard. Scanning was performed in the
2θ range 39.5-97 at a rate of 0.42#2θ min-1 to maintain a low
standard error. Peaks from the (111), (200), (220) and (311) planes
of austenite and the (200) and (211) planes of ferrite were used
to minimize the error from the preferred orientation of phases.
Areas under the peaks were measured using the Philips APD
software for curve fitting to minimize error introduced from
background radiation. Cγ was calculated from the angular position
of the austenite peaks and VRA was determined from the
integrated area under the austenite and ferrite peaks [5].
Table 1 Chemical composition of ductile iron used
for the experiment
C
3.4%
Si
2.8%
Mn
0.17%
Cu
0.5%
2 Experimental results and discussion
2.1 Microstructures of samples
Figures 1 and 2 show typical microstructural changes observed
during austempering in the present study. Figures show that the
ausferrite reaction is almost completed in the eutectic cell and
intercellular boundaries. The platelet structure of the ausferrite
is evident in the microstructure. Comparison of the two
microstructures shows that as the austenitising temperature
increases the ausferrite structure coarsens. Figure 2 shows areas
of blocky reacted austenite in the eutectic cell. This is a
characteristic of iron austenitized and austempered at high
temperatures.
2.2 X-ray diffraction results
In Tables 2 and 3 the measurements of austenite volume fraction
and its carbon content are indicated for samples after sub-zero
cooling. The samples of group A have the lowest amount of
austenite because of lower austempering temperature used for
this group. In addition the lower austempering temperature
resulted in the formation of austenite with higher carbon content
(Table 3).
Sample
A (875-325!)
B (875-400!)
C (950-400!)
Room
temperature
23.5%
34.9%
39%
22.5%
34.1%
39%
-30!
22.5%
35.4%
40%
-70!
23%
22.5%
27%
-196!
Table 2 Austenite volume fraction for samples before
and after sub-zero cooling
Sample
A (875-325!)
B (875-400!)
C (950-400!)
Room
temperature
1.94%
1.79%
1.86%
1.94%
1.79%
1.86%
-30!
1.94%
1.79%
1.86%
-70!
1.94%
1.85%
1.93%
-196!
Table 3 Average austenite carbon content for
samples before and after sub-zero cooling
From the comparison of the austenite volume fraction for
samples austenitized at different temperatures with similar
austempering temperature (group B and C) it can be seen that
the austenite volume fraction is higher for the samples of group
C because of the higher austenitizing temperature used for this
group.
2.3 The influence of austenite carbon content
      on MS and austenite stability
The MS temperature can be calculated from the following
equation for the studied composition [6]:
MS=400-260Co-33Mn
Where Co is austenite carbon content.
Using the above equation the MS temperature is calculated as
-110", -71" and -89" for the samples of group A, B and C
respectively. Martensite start temperature for samples of group
A is the lowest. This is because of higher carbon content of
austenite which increases the shear strength of austenite and as
a result increases the necessary driving force for the formation
of martensite. With decrease of MS the mechanical stability of
austenite also increases.
2.4 The effect of sub-zero cooling on volume
      fraction of austenite
Based on the measurements of X-ray diffraction no apparent
changes in austenite volume fraction were detected for samples
which sub-zero cooled to -30" and -70". This is because of
the lower martensite start temperature for the studied
composition. In samples of group A there was no change for
Microstructure of sample austenitized at
875! ! ! ! ! and austempered at 400! ! ! ! ! followed
by subsequent cooling to -196! ! ! ! !
Fig. 1
Microstructure of sample austenitized at
950! ! ! ! ! and austempered at 400! ! ! ! !followed
by subsequent cooling to -196! ! ! ! !
Fig. 2
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austenite even after cooling to -196", but a decrease of about
13% would be observed for the samples of group B and C after
cooling to the same temperature. It is supposed that the reason
for this behavior is a consequence of lower austempering
temperature. Austempering at 325" would result in a more
needle like morphology for ferrite. This could have a
compressive residual stress on the neighborhood austenite
which retards the formation of martensite, a result which is
consistent with the findings of Gregorutti et al. [7] According to
Tables 2 and 3 it is seen that the average carbon content of
samples which subjected to some martensite transformation has
increased slightly. This behavior is because of the fact that the
austenites with lower carbon content and thermal stability
transformed to martensite more rapidly. Consequently the
average carbon content has increased after some martensite
transformation [8].
2.5 The change in mechanical properties
In Table 4 the mechanical properties of samples before sub-zero
cooling and the absolute change after cooling to -196" are
indicated. As shown in Fig. 3 to Fig. 6, there were no significant
changes in mechanical properties observed for cooling to -30"
and -70" temperatures. This is consistent with the measurements
of austenite volume fraction for these temperatures. Also no
changes were detected for samples of group A after cooling
to -196" while some changes for samples of group B and C
were observed. This behavior is a result of formation of some
brittle martensite after sub-zero cooling [9]. Figures 7 and 8 indicate
the fracture surface of a sample from group B before and after
sub-zero cooling. As it can be seen Fig. 7 represents a behavior of
more ductile fracture with many dimples whilst features of a brittle
fracture with cleavages are observed in Fig. 8.
3 Conclusions
In addition to chemical composition the microstructure is also
has a marked influence on the formation of martensite during
sub-zero cooling. The volume fraction of austenite in samples
austenitised at 875" and austempered at 325" even after cooling
to -196" (a temperature below calculated MS) indicated no
changes as a result of possible existence of some compressive
residual stresses.
After partial martensitic transformation the average austenite
Table 4 Mechanical properties of samples before sub-zero cooling and the change after cooling to -196! ! ! ! !
Sample
A (875-325")
B (875-400")
C (950-400")
1260
1015
830
Nil
150
170
"
"
1010
805
702
Nil
125
140
"
"
90
120
170
Nil
52
66
#
#
373
278
337
Nil
52
66
"
"
Ultimate tensile strength, MPa Yield strength, MPa Impact energy, J Hardness, HB
Before Change Before Change Before Change Before Change
Ultimate tensile strength of groups A, B
and C samples at room temperature and
after sub-zero cooling
Fig. 3
Yield strength of groups A, B and
C samples at room temperature
and after sub-zero cooling
Fig. 4 Impact energy of groups A, B and C
samples at room temperature and after
sub-zero cooling
Fig. 6
Hardness of groups A, B and C samples
at room temperature and after sub-zero
cooling
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carbon content increases. This behavior is attributed to the
transformation of austenite with lower carbon content.
Increasing of the austenitising temperature increases the blocky
shaped austenite. This increases the amount of martensitic
transformation.
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increase after formation of some martensite whilst the impact
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Fracture surface observations indicate a change in fracture mode
from ductile to brittle after martensitic transformation.
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SEM micrograph of sample after cooling
to -196! ! ! ! !
Fig. 8
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SEM micrograph of a sample austenitised
at 875! ! ! ! ! and austempered at 400! ! ! ! !
before sub-zero cooling
Fig. 7
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